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SYMB O LI C A ND MOTOR CONT RIBUTIO NS TO VO CA L IMITATION IN ABSOLUTE

PITCH
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THE LINKED DUAL REPRESENTATION MODEL

(Hutchins & Moreno, 2013) was designed to provide
an account for the broad pattern of relationships
between vocal perception and production, including
both correlations and dissociations between the two.
This model makes a unique prediction that musicians
with absolute pitch (AP) should be biased towards com-
pensating for objectively mistuned notes in a single note
imitation task. In this paper, we tested this prediction by
asking musicians with and without AP to imitate vocal
notes that are either well-tuned or mistuned. We found
that AP musicians were more likely to bias their
responses to compensate for mistunings, and that this
effect was stronger after longer response delays. We also
showed evidence for some implicit AP-like abilities
among non-AP musicians. Our findings were predicted
by the Linked Dual Representation model, but not other
models, providing further evidence for this model.
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T HE ACT OF IMITATING A VOCAL PITCH, WHILE

it may seem simple, yields an important ques-
tion for researchers studying music production –

namely, what is the relationship between perception
and production? In order to imitate a tone, we need to
perceive that tone, including its low-level features, and
then construct a vocal-motor representation of that tone
(a representation of how one would move to create that
tone with their own voice). In contrast, in order to
identify or make a judgment about a perceived tone,
we need a symbolic representation of that tone. The
symbolic and vocal-motor representations are two

different ways of encoding relevant information about
a tone, which each support different types of responses
(much as two different types of maps may help guide
different types of actions). Here, a symbolic representa-
tion encodes knowledge about a tone (including rele-
vant general semantic knowledge and specific episodic
knowledge, such as ‘‘This is the tonic tone,’’ or ‘‘This is
the same as the previous tone’’), whereas a vocal-motor
representation encodes knowledge of how to make a tone
(akin to procedural memory). These two representa-
tions are influenced by different memory systems, and
draw on both long- and short-term memory from these
systems when encoding the musical information we
perceive.

Figure 1 (left section) presents three potential models
describing possible relationships between perception
and production abilities. A perception-based model
(Figure 1a) posits that low-level perception is first
encoded as a symbolic representation, which is then
used to create a vocal-motor representation. A motor
model (Figure 1b) posits the reverse account; that
low-level perception is first encoded as a vocal-motor
representation, which is the basis of a symbolic repre-
sentation. Finally, a dual-route model (Figure 1c) posits
that symbolic representations and vocal-motor repre-
sentations comprise two different pathways, and that
neither one is used to create the other. These models
are not meant to outline specific brain regions, but
rather informational architectures, about the possible
flow of information and how it is encoded (see Hutchins
& Moreno, 2013, for further information on this topic).

For a long time, it was presumed that this ability to
create a symbolic representation of a tone was directly
linked to the ability to create a vocal-motor representa-
tion of the same tone, as in the perceptual-based and
motor models. It is natural to presume that poor singers,
for example, have poor perceptual abilities at the root of
their problems. Researchers searched for a correlation
between vocal perception and production, with varying
degrees of success. Some have found such a correlation
(e.g., Amir, Amir, & Kishon-Rabin, 2003; Estis,
Coblentz, & Moore, 2009; Estis, Dean-Claytor, Moore,
& Rowell, 2011; Moore, Keaton, & Watts, 2007; Watts,
Moore, & McCaghren, 2005), but others, using similar
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designs, have not (e.g., Bradshaw & McHenry, 2005;
Dalla Bella, Giguère, & Peretz, 2007; Moore, Estis,
Gordon-Hickey, & Watts, 2008; Pfordresher & Brown,
2007).

However, recent research with a special population of
participants with congenital amusia has mostly sup-
ported the idea that vocal perception and production
abilities are, in fact, dissociated. Congenital amusia,
though encompassing many different types of musical
disabilities, is most commonly manifested as an impair-
ment in conscious pitch perception ability. Because of
this impairment, congenital amusia is an interesting test
of the relationship between perception and production.
Several studies have shown, using a variety of methods,
that a subset of congenital amusics (though not all) have
a spared production ability; they are able to imitate
pitches with their voice to a much higher degree than
would be expected if their production abilities were
entirely dependent on their overt perceptual abilities
(Dalla Bella, Giguère, & Peretz, 2009; Hutchins & Per-
etz, 2012a, 2013; Loui, Guenther, Mathys, & Schlaug,
2008).

Based on this evidence, as well as some similar types
of evidence in unimpaired people (e.g., Hafke, 2008;
Vurma, 2010), some researchers have proposed
a dual-route model of pitch perception and production
(Griffiths, 2008; Hutchins, Zarate, Zatorre, & Peretz,
2010). This type of model suggests that pitch perception
and production are each supported by different path-
ways, allowing for either ability to be impaired without
affecting the other. Such a model has been supported by
neurological evidence as well, with EEG (Moreau, Joli-
coeur, & Peretz, 2009, 2013; Peretz, Brattico, Järvenpää,

& Tervaniemi, 2009), fMRI (Hyde, Zatorre, & Peretz,
2011), and DTI (Loui, Alsop, & Schlaug, 2009) studies
all suggesting that it may be the higher-, rather than
lower-level perceptual pathways that are impaired in
amusia, and that production processing could be unaf-
fected. This dual route model also provides an explana-
tion of why perception and production abilities do not
always seem to align well in an unimpaired population –
why poor singers do not necessarily have worse pitch
judgment skills, for example. However, such a model
leaves unexplained the weak but persistent correlation
found between perception and production across sev-
eral studies (Amir et al., 2003; Estis et al., 2009; Estis
et al., 2011; Hutchins & Peretz, 2012a; Moore et al.,
2007; Watts et al., 2005), as well as the production
impairments seen in many cases of congenital amusia
(Dalla Bella et al., 2009; Hutchins et al., 2010).

Hutchins and Moreno (2013) reviewed the evidence
for and against each of these types of models, and con-
cluded that, while each could account for some of the
evidence on perception-production relationships, none
could provide a framework to account for the broad
tendencies in the data – the dissociability of pitch per-
ception and production combined with the weak corre-
lation between the two abilities. Based on this, we
proposed a new model, the Linked Dual Representation
model (Figure 1d), which could account for both of
these tendencies in the data. This model proposes that
low-level perceptual information can be processed in
two separate ways, such that there are separate pathways
for encoding a note as a symbolic representation or as
a vocal-motor representation, similar to a dual route
model. However, the Linked Dual Representation model

FIGURE 1. Four models of the relationship between perception and production: A perception based model (a), a motor model (b), a dual-route model

(c), and the Linked Dual Representation model (d; Hutchins & Moreno, 2013).
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also posits that the vocal motor representation can be
influenced by the symbolic representation. The identi-
fication and judgments of notes can influence the pro-
duction thereof, under the right circumstances.

The Linked Dual Representation model not only
accounts for the current evidence on perception and
production of the voice, but also makes some unique
predictions. One of these predictions concerns people
with absolute pitch (AP). AP is the rare ability, found
almost exclusively in musicians, to identify or produce
specific musical pitches without reference to another
musical pitch (Takeuchi & Hulse, 1993). An AP posses-
sor would be able to provide a label for a pitch they
heard, whereas a non-AP possessor would not, even
despite extensive music training in many cases. AP does
not seem to be due to better basic low-level perceptual
abilities – they have similar abilities to non-AP posses-
sors to resolve frequency, spatial location, and temporal
differences (Fujisaki & Kashino, 2002). Rather, AP is
built upon the higher-level ability to form a stable sym-
bolic representation of a pitch. Although it has proven
very difficult to teach AP to adults, there is evidence that
childhood experience is a necessary, if not sufficient
condition to develop this ability (Levitin & Rogers,
2005; Russo, Windell, & Cuddy, 2003; Takeuchi & Hulse,
1993). Neurologically, this ability is manifested in
a hemispheric asymmetry in AP possessors, such that
they show larger size and increased use of the left versus
right planum temporale than do non AP possessors
(Brancucci, di Nuzzo, & Tommasi, 2009; Keenan, Than-
garaj, Halpern, & Schlaug, 2001; Zatorre, Perry, Beckett,
Westbury, & Evans, 1998). AP possessors also show
higher local connectivity in perisylvian brain regions
(Jäncke, Langer, & Hänggi, 2012; Loui, Li, Hohmann,
& Schlaug, 2011).

AP is not an all-or-none phenomenon; rather, it can
be described as a gradient of ability (Bermudez &
Zatorre, 2009). On the high end, some with a strong
AP ability can be accurate to within 20 cents in their
pitch identifications (100 cents ¼ 1 semitone; Miyazaki,
1988; van Krevelen, 1951), and can even automatically
identify the pitches of non-instruments, such as car
horns, glasses, and spoons (Bachem, 1937). This strong
AP ability has been labeled ‘‘AP-1’’ by Baharloo, John-
ston, Service, Gitschier, & Freimer (1998). On the other
end of the spectrum, some residual AP-like abilities can
be found even among non-AP musicians, called
‘‘implicit AP’’ (Miyazaki, 2004; Takeuchi & Hulse,
1993). For example, non-AP possessors tend to show
a high degree of consistency when singing songs (Hal-
pern, 1989; Levitin, 1994) or notes (Hsieh & Saberi,
2008), and tend to notice when familiar songs or sounds

are played in different keys (Schellenberg & Trehub,
2003; Smith & Schmuckler, 2008; Terhardt & Seewann,
1983). Baharloo et al. (1998) have categorized such indi-
viduals with poorer – albeit significantly above-chance –
performance on pure-tone AP tests as ‘‘AP-2,’’ ‘‘AP-3,’’
etc. Individuals with AP-2 are defined by heightened
tonal memory (HTM) ability, as contrasted with AP-1
possessors, who have the ability to perceptually encode
(APE) the frequency of auditory stimuli (Loui et al.,
2011; Ross, Gore, & Marks, 2005). At the neural level,
AP-1 possessors have a higher volume of left hemi-
spheric white matter tracts connecting regions central
to perception and categorization (i.e., superior temporal
gyrus and middle temporal gyrus), as compared to AP-2
and non-AP groups (Loui et al., 2011). In addition, AP-
1 possessors have stronger small-world network con-
nectivity as compared to AP-2 and non-AP groups
(Loui, Zamm, & Schlaug, 2012).

Even within individual AP possessors, different fea-
tures of a note can lead it to be more or less easily
recognized. AP possessors tend to be more accurate in
identifying notes played by their primary instrument
(Brammer, 1951; Sergeant, 1969), and most are more accu-
rate at identifying pitches played on the piano than other
instruments (Lockhead & Byrd, 1981; Marvin & Brinkman,
2000), possibly due to greater familiarity with that
instrument. They also tend to be worse at identifying
the pitch of vocal tones than other instruments (Vanzella
& Schellenberg, 2010), an effect that may be related to
the vocal generosity effect (Hutchins, Roquet, & Peretz,
2012), in which all listeners tend to be worse at deter-
mining the tuning of vocal pitches. There is also a gen-
eral effect for AP possessors to be better at identifying
white-key, rather than black-key pitches (which tend to
be less frequent; Dohn, Garza-Villarreal, Ribe, Wallentin,
& Vuust, 2014; Miyazaki, 1988), again highlighting the
role of experience in AP ability. The relevance of any and
all of these categories varies between AP possessors, and
AP itself can vary from being highly automatic to barely
present.

The ability of AP possessors to label individual tones
can be thought of as a type of symbolic representation
ability, as it constitutes knowledge about a note (see
Figure 1). As such, it provides an interesting way to test
the predictions of the Linked Dual Representation
model (Hutchins & Moreno, 2013) against the other
models. This model predicts that a singer imitating
a single note should primarily make use of the pathways
directly from low-level perception to the vocal-motor
representation, especially for faster responses. However,
forcing a delayed response should lead to greater medi-
ation from the singers’ symbolic representation of the
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note. In most cases, this would not make much of a dif-
ference on the final pitch of the produced note, espe-
cially for individual notes. Even in cases where the
stimulus note is objectively out-of-tune (sharp or flat
relative to standard equal temperament tuning), most
singers would not be able to determine this, and should
be uninfluenced by this objective tuning. However, in
the case of AP possessors, their ability to categorize and
label individual notes would make them able to provide
such a label. In cases of delayed responses, then, they
should be influenced by the name of the note (which is
a symbolic representation) as well as the pitch they
heard. Thus, their vocal response should be biased to
be closer in line with perfectly-tuned notes, especially
after a delay. For example, if an AP possessor hears
a tone that is a D, 20 cents flat, their vocal-motor
response should be directly influenced by this precise
pitch. However, if they label it as ‘‘a type of D,’’ then
their vocal-motor response should also be influenced by
this label, and their imitative response should be sharper
than it otherwise would have been.

This response bias among AP possessors is not pre-
dicted by the other models. A dual route model predicts
that any symbolic categorization should have no influ-
ence on a vocal-motor representation. A motor model
makes the same prediction. A perception-based model
predicts that the symbolic representation should wholly
determine the vocal-motor representation, and thus the
response bias should not be a function of the response
delay.

In this study, we tested the unique predictions of the
Linked Dual Representation model by asking highly
trained musicians, either with or without AP, to listen
to individual tones and then imitate them as closely as
possible. These tones were either perfectly in-tune or
mistuned sharp or flat. Participants sang back the tones
either immediately after hearing them, or after delays
from 2-10 seconds. In addition, these delays could
either be silent or filled with white noise. If the Linked
Dual Representation model is correct, then AP partici-
pants should show a greater tendency than non-AP
participants to bias their imitative responses in the
direction of the well-tuned note (sharp responses for
objectively flat tones, and flat responses for objectively
sharp tones), to compensate for the mistuning. Further-
more, this compensatory response bias should be medi-
ated by the enforced response delay, with longer delays
leading towards stronger biases. Filling this response
delay with white noise may also have the effect of
heightening this response bias. We also expect lower
overall accuracy for all participants in longer, filled
response delays (Estis et al., 2009; Estis et al., 2011).

Method

PARTICIPANTS

The participants were 37 highly trained musicians (20
male), recruited mainly from The Royal Conservatory
of Music Glenn Gould School and the University of
Toronto music program. These were recruited from
advertisements calling for participants ‘‘with or without
perfect pitch.’’ Participants had an average age of 22.97
years (SD ¼ 3.63), and had been training on their pri-
mary instrument for an average of 13.11 years (SD ¼
4.36; with most being proficient on other instruments as
well). There was a range of instruments played, with
violin and voice being the two most represented among
the primary instruments. Among those later categorized
as AP possessors (13 in total, 6 male, see below), there
was a trend toward more years of training on their
primary instrument (15.66 years for AP, 11.83 years for
non-AP), though this was not significant, t(25)¼ 1.92, p
¼ .07. This was likely due to the greater propensity for
piano and violin among AP possessors, as these are the
instruments in which children are likely to begin play-
ing (people who play instruments such as the tuba or
saxophone tend not to begin playing on these instru-
ments until later in age; many of these participants had
begun their training earlier on a different instrument).
Most of those whose primary instrument was the voice
were non-AP possessors (seven of eight); all of these
participants indicated at least moderate proficiency on
other instruments as well. All participants indicated at
least moderate levels of vocal proficiency.

STIMULI AND PROCEDURE

As stimuli for the AP test, we created a set of 20 pure
tones, sampled evenly from the range of equal-tempered
tones (corresponding to a piano key) between A2 (110
Hz) and B5 (988 Hz), so chosen because they encom-
pass a range within that of commonly sung vocal
pitches. Pure tones were chosen so as not to bias
towards any instrument, and make it a fairly difficult
test of AP. Every pitch class was represented at least one
time, and no individual pitch was repeated. We also
created a set of 40 additional pure tones that were
slightly sharp or flat with respect to the original 20 pure
tones. Of this set of 40, ten tones were 40 cents sharp of
perfect tuning, ten were 20 cents sharp, ten were 20
cents flat, and ten were 40 cents flat. Each tone lasted
one second, with a 100 ms ramped onset and offset. The
original 20 tones were arranged into a single pseudo-
randomized list, such that pitch classes could not repeat
within a span of three items. These 20 tones comprised
the stimuli for the first section of the AP test. Another
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pseudo-randomized list was created including all 60
tones, with the same constraints. These 60 tones com-
prised the stimuli for the second section of the AP test.

To create the stimuli for the main singing experiment,
we recruited a trained male and female singer to pro-
duce tones at five different pitch levels: C, D, E, F#, and
G# (C3-G#3 for the male, C4-G#4 for the female), all on
the syllable /du/ (‘‘doo’’). These were chosen so as to not
evince a particular tonality, and to lie within the vocal
range of most people. Each was performed with mini-
mal vibrato, for approximately 1.5 s. Each of these
recordings was then imported into Melodyne (Cele-
mony Software GmbH, Munich Germany), where it was
first manipulated to make the duration of the clip equal
1.5 s total, including 100 ms of silence at the beginning
and end of each clip. Then, we used Melodyne to correct
minor tuning errors in the clips, by correcting the mean
pitch to equal tempered tuning (A ¼ 440 Hz) and
removing variability in the pitch of the vocal signal.
Thus, each of the 10 clips were pure examples of a single
pitch with a vocal timbre. Following this, we created
pitch-shifted version of each of these clips, at pitches -
40, -20, þ20, and þ40 cents from the original modified
clip – each shifted version retains the timbre and ampli-
tude variations of the original, while changing only in
pitch. This created 25 male-voice stimuli and 25 female-
voice stimuli.

We also used Adobe Audition (Adobe Systems, San
Jose, US) to create white noise or silence lasting .01, 2, 5,
and 10 s. The white noise was given a 100 ms ramped
onset and offset and normalized for amplitude to -3 dB.

PROCEDURE AND DESIGN

Participants first participated in a test of AP ability. In
this test, they heard one of the pure tones, and were then
shown a screen with 48 chromatic notes on a set of four
staves, ranging from C2 to B5. Participants were asked
to click on the note that matched the one they heard,
with no opportunities to listen a second time. All parti-
cipants were presented with the same list of 20 tones,
including only those with an equal-tempered pitch, pre-
sented in a pseudo-randomized order, such that pitch
classes could not repeat within a span of three items. If
participants correctly identified 25% of the tones, they
were asked to continue to the next section of the AP test;
otherwise, they immediately began the singing experi-
ment. Three practice trials including only text (no
sounds; e.g., ‘‘Click on C4 [Middle C]’’) were included
in the beginning of the experiment, in order to famil-
iarize the participants with the task.

In the second section of the AP test, the task was
largely similar. However, in this section, there were 60

trials all in all, and these included both perfectly tuned
tones as well as the mistuned versions in pseudo-
random order (as above). Participants were informed
that some examples would be mistuned, and were asked
to click on the note that was closest to the tone they
heard. Following this, a display box with five options
popped up, and participants were asked to decide
whether they thought the note that they heard was very
flat, somewhat flat, in tune, somewhat sharp, or very
sharp.

After the AP test was completed, participants began
the singing imitation task. Here, participants heard one
of the 25 vocal stimuli of their own gender, and were
instructed to imitate this tone as closely as possible.
They were informed that only pitch would vary. Imme-
diately following each vocal stimulus, we played one of
the filler stimuli (white noise or silence, lasting .01, 2, 5,
or 10 s). This varying response delay was followed by
the text ‘‘Respond Now’’ appearing on the screen. Par-
ticipants were instructed not to respond until this text
appeared on the screen, and were instructed not to sub-
vocalize the tone in the interim. Each stimulus was pre-
sented with each level of Response Delay (4 levels), and
Filler (Noise vs. Silence) one time, leading to 200 trials
in the experiment. These were presented in one of four
pseudo-randomized lists, in which base notes could not
be immediately repeated (thus, all tones were a mini-
mum of 120 cents from the previous tone).

Before coming in, participants completed a 10-min
questionnaire on their music and language background.
The AP task lasted approximately 5 min for those with-
out AP, and approximately 10-15 min for those with AP.
The singing imitation task lasted about 35 min in total.
All tasks were controlled using ePrime (Psychology
Software Tools, Inc., Sharpsburg, Pennsylvania, USA).
All stimuli were heard through open BeyerDynamic DT
770 Pro headphones (Beyerdynamic GmbH & Co. KG,
Heilbronn, Germany), and imitations were recorded
with a Sennheiser MKE 2 microphone (Sennheiser elec-
tronic GmbH & Co. KG, Wedemark, Germany),
through Reaper software (Cockos, San Francisco, USA).

ANALYSIS

To measure AP presence and strength, we calculated the
mean octave-corrected absolute error (hereafter, AP
error) for each participant. This is a measurement of
how far off each participants’ average pitch identifica-
tion score in the AP test was, in semitones – thus low
scores indicate stronger AP ability. First, we corrected
each identification response to the nearest octave regis-
ter. We then measured the absolute value of the differ-
ence between this and the correct response. For
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judgments in the second part of the AP test, we used the
base response, and converted the ‘‘very flat, somewhat
flat, in tune, somewhat sharp, or very sharp’’ responses
into -40 cents, -20 cents, 0 cents, þ20 cents, and þ40
cents modifiers, respectively. These were then compared
to the pitch of the correct response. This allows for
precisely correct responses to these tones, and possible
identification errors in steps of 20 cents. In this metric,
errors of more than 6 semitones are not possible (due to
octave correction), and thus the mean AP error would
tend towards 3 semitones, for totally random identifi-
cation judgments. AP error was calculated from an aver-
age of both sections of the experiment, as it was found
that participants with any measurable AP ability per-
formed similarly across both sections of the AP test
(and non-AP participants tended toward chance in the
first section).

Responses in the singing task were analyzed for pitch
in Melodyne. We calculated the mean pitch of the
response, and used the difference between this and the
target tone as the response error (a signed measure-
ment). We also calculated the absolute value of this
measurement, as a measurement of generalized singing
error (as in Hutchins & Peretz, 2012b). Errors were
omitted from further analysis – this included responses
before the appropriate time, doubled responses, no
responses, and unanalyzable signals. These comprised
0.38% of all trials.

Results

AP TEST

We grouped participants into AP and Non-AP (NAP)
categories based on a threshold of less than 3 standard
deviations from the mean of self-identified NAP parti-
cipants. Most trained musicians are aware of whether
they have AP or not, though we did identify two clear
cases of AP where the musicians were previously
unaware of this ability; no NAP musicians (as deter-
mined by the AP test) had indicated that they unam-
biguously had AP. This cut-off yielded a threshold of
1.47 semitones AP error. However, it should be noted
that there was a clear break between AP and NAP par-
ticipants, as all AP participants showed AP error scores
of less than 1 semitone, whereas the NAP participants
were no lower than 1.7 semitones AP error. These
results showed that 13 of our participants were clear
AP possessors, whereas the remaining 24 were catego-
rized as NAP. Analyzing using only base note data
(omitting fine-grained tuning information) did not
change the shape of these data. No AP participants
showed evidence of a systematic tuning bias greater

than half a semitone, indicating that their AP labelling
was aligned with normal tuning.

We found no overall correlation between response
time and AP error, r(35) ¼ .13, ns However, when ana-
lyzing solely within participants shown to have AP, the
correlation between reaction time and AP error was
highly significant, r(11) ¼ .71, p < .01. Participants with
lower overall errors in the AP test were also faster to
respond, likely indicating a more automatic AP ability.

SINGING IMITATION TASK

To measure whether AP participants are more likely to
compensate for tuning deviations in their vocal
responses (responding more towards perfect tuning),
we ran a 2 x (5 x 4 x 2) mixed-design ANOVA over the
factors of AP, (AP vs. NAP), Tuning Deviation (-40, -20,
0,þ20,þ40), Response Delay (immediate [.01 s], 2 s, 5 s,
and 10 s), and Filler (noise vs. silence), using response
error as our dependent variable. We found significant
main effects of Response Delay, F(3, 105) ¼ 18.63, p <
.001, �2 generalized ¼ .02, and Tuning Deviation, F(4,
140) ¼ 13.88, p < .001, �2 generalized ¼ .04 and a sig-
nificant interaction between Response Delay and Tun-
ing Deviation, F(12, 420)¼ 5.92, p < .001, �2 generalized
¼ .01. In addition, we also found a significant interac-
tion between AP and Tuning Deviation, F(4, 140) ¼
2.91, p ¼ .02, �2 generalized ¼ .009. Figure 1 shows
a graph of response error for AP and NAP participants,
across each Tuning Deviation, for all four Response
Delays. As was predicted, AP participants tend to show
evidence of compensation for mistunings in their vocal
responses, with sharper responses to objectively flat
tones (-40 and -20), and flatter responses to objectively
sharp tones (þ20 andþ40). Their tendency to compen-
sate for these errors was greater after larger response
delays. However, interestingly, we found evidence for
this tendency among NAP participants as well. NAP
participants showed the same tendency for compensa-
tion of mistunings as AP participants, though not to the
same extent. Because of this, the expected three-way
interaction between AP, Tuning Deviation, and
Response Delay did not reach significance, even though
the results trended in this direction. The factor of Filler
did not have a main effect or any significant interac-
tions. No other main effects or interactions reached
significance. Participants were very accurate overall,
with mean absolute errors near 16 cents. There was
a very small effect (2 cents) of increasing time delay,
and no effects of noise or any other variables.

To follow up on the interaction between AP and tun-
ing deviation, we examined the role of the strength of
the participant’s AP on the degree to which they showed
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compensatory tuning in their responses. To do this, we
computed the degree to which each individual response
to mistuned notes was compensated back towards the
perfectly tuned note, in terms of percentage (responses
to perfectly tuned notes were excluded from this anal-
ysis). Here, a response 40 cents higher than a note tuned
40 cents flat indicates 100% compensation, and
a response 10 cents lower than a note tuned 20 cents
sharp indicates 50% compensation. This score can be
greater than 100%, or negative as well, for overcompen-
sations or additive errors. We correlated each partici-
pant’s average percent compensation with their AP
error from their AP test. Participants with lower AP
error scores tended to show greater compensation for
mistuning in their responses, r(35)¼ -.36, p < .05. Figure 2
shows this relationship.

In examining this correlation, it became clear that
among AP participants, there were two distinct groups.
One group was a strong AP group (i.e., AP-1; 7 parti-
cipants), with AP error scores lower than 0.33 (less than
33 cents of error in an average judgment), whereas the
other group was a weak AP group (i.e., AP-2, or HTM; 6

participants), with error scores between 0.67 and 1.0
(average error of less than a semitone). There were no
cases of AP errors between 0.33 and 0.67. It also became
clear that the strong AP group seemed to show a stron-
ger compensatory response than the weak AP group.
The strength of the correlation rose slightly when ana-
lyzed within only AP participants. Based on this, we
performed a reanalysis of our data, in which we split
our AP groups into strong and weak AP categories
(making three total groups). When divided in this way,
no members of any group were within 3 standard devia-
tions of another group. Similar divisions of participant
groups into strong AP (i.e., AP-1; APE), weak AP (i.e.,
AP-2; HTM), and non-AP categories have previously
been employed in the AP literature (e.g., Miyazaki,
1990; Ross et al., 2005; Loui, Li, et al. 2011; Loui, Zamm,
& Schlaug, 2012).

We tested a 3 x 4 mixed design ANOVA with the
factors of AP category and Response Delay, using per-
cent compensation as the dependent variable. This anal-
ysis showed a significant effect of AP category, F(2, 34)
¼ 3.62, p ¼ .04, �2 generalized ¼ .15, and a significant

FIGURE 2. The average response errors of AP and NAP participants for each tuning deviation, across the four different response delays, with

standard error bars.
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effect of Response Delay, F(3, 102) ¼ 9.64, p < .001, �2

generalized ¼ .05. These factors are shown in Figure 3.
As can be seen, the strong AP group showed the largest
propensity to compensate for tuning errors in their
response, and this tendency became more pronounced
after longer delays. The weak AP group showed a pattern
of response more similar to the NAP group. However, the
trend for an interaction between AP category and
Response Delay did not reach significance, likely due to
the relatively small number of strong AP participants.

In order to determine whether patterns in relative,
rather than absolute pitch, could be driving the weakly
compensatory pattern in NAP participants, we computed
the intervallic distance from each stimulus tone to the
next, and computed the deviations between each interval
and the nearest perfectly tuned interval. We correlated

these intervallic deviations with the absolute deviations,
and found no hint of a correlation, r(7361) ¼ .026, ns.
This indicates that sharp or flat intervals were equally
likely to occur on sharp or flat notes; thus intervallic
deviations cannot explain the pattern in our data.

Discussion

Our data showed that, when presented with a tone that
was objectively flat in comparison to standard tuning,
AP participants’ imitative responses were more likely to
be sharp, and when presented with tones that were
sharp, their responses were more likely to be flat. This
compensatory response bias was stronger across longer
delays. This pattern of effects is predicted by the Linked
Dual Representation model (Hutchins & Moreno,
2013), which posits that AP possessors will show a ten-
dency for their AP ability to influence singing imitation
responses, such that they compensate for errors in tun-
ing. This effect is predicted to be especially pronounced
when the response was delayed.

This response pattern supports the idea that, among
people with AP, the imitative response (determined by
the vocal-motor representation) was not only directly
influenced by the low-level perceptual encoding, but
also by the symbolic representation of the note. Musi-
cians with AP have the ability to identify individual
tones without a reference pitch, and thus can symboli-
cally represent the name of a note. When musicians
with AP hear a note to imitate, then, they can be influ-
enced by the name of the note as well as the pitch they
heard. For example, an E, 20 cents sharp, would be
encoded not just as ‘‘the note I make in this way with
my voice,’’ but also as ‘‘An instantiation of ‘E.’’’ This
would tend to bring their responses closer in line with
perfectly tuned notes.

Among the possible models of vocal-motor and sym-
bolic encoding, the Linked Dual Representation model
can best account for this pattern of effects. A straight
dual-route model would predict that the symbolic encod-
ing of a tone would have no effect on a vocal-motor
encoding, and thus no compensatory effect on the imi-
tative response. This same prediction would also be made
by a motor model. A perceptual-based model would pre-
dict this compensatory effect; however, it does not predict
the change in this effect across response delays – because
all responses are mediated through the symbolic encod-
ing, there is no way for it to become stronger across time.
In contrast, in the Linked Dual Representation model,
a vocal-motor representation is influenced by both low-
level perceptual encoding and a symbolic representation.
Since the symbolic representation pathway involves more

FIGURE 3. The relationship between average AP error score and

average percent compensation, for each participant, with the

regression line. AP participants are marked in black, NAP participants

are marked in grey.

FIGURE 4. The average percent compensation of strong AP, weak AP,

and NAP participants at each response delay, with standard error bars.
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steps, it can be presumed to take longer to influence the
vocal-motor-representation, which predicts more influ-
ence from this pathway after longer response delays, as
we found in our data.1

One unexpected outcome of this experiment was
that even musicians without AP showed a weaker ver-
sion of this same compensatory effect. Because NAP
musicians do not have access to labels of notes, we did
not expect them to be able to determine whether any
individual instance of a note is sharp or flat, relative to
perfect tuning. These participants did not claim to
have AP, and made no indication that they were aware
of their performance biases. However, their responses
did show systematic biases that indicated a subcon-
scious awareness of perfect tuning. Although these
musicians are highly trained, and have strong relative
pitch abilities, our analyses show no unforeseen corre-
lations between mistunings of intervals and individual
tones, which can rule out relative pitch as an explana-
tion for this finding.

We can propose two possible interpretations for this
finding. The first is an effect of long-term motor mem-
ory: Participants should have much more practice
singing well-tuned notes than mistuned notes, and
thus those motor commands should be more ingrained
(see Hsieh & Saberi, 2008, for a similar explanation).
Here, the implicit knowledge of pitch categories resides
in the memory of vocal-motor representations, rather
than in the symbolic representations. However, this
explanation seems to predict much less variability in
actual singing tuning than we see in our data. It also
seems to predict that those musicians who trained as
singers should show a stronger effect than those who did
not (as they have had considerably more practice with
those motor commands). Upon inspection, this did not
seem to be borne out in our data, though a true test
would require more trained singers than we had available
in this data set (there were eight in total) and a slightly
different design.

A second explanation is that these highly trained
musicians may have had some form of implicit AP
ability, an unconscious knowledge of pitch identities
that can arise in certain settings or tasks (Levitin &
Rogers, 2005; Miyazaki, 2004). This explanation posits
an AP ability as part of the symbolic representation,
but not highly activated enough to reach the level of
explicit knowledge. As part of their training, these
participants listen to and perform music for hours
every day. It is possible that this near-constant expo-
sure to music, the vast majority of which is well-tuned,
could lead to an implicit AP ability that may have
affected their imitative responses. Miyazaki (2004)
suggests just such an ability in long-term memory for
repeatedly heard tones; both Halpern (1989) and Levi-
tin (1994) describe a similar phenomenon among non-
musicians in their singing (though see Frieler et al.,
2013), and other studies (Schellenberg & Trehub,
2003; Smith & Schmuckler, 2008; Terhardt and See-
wann, 1983) showed evidence for an implicit AP ability
in perception. Deutsch (1987) also describes an implicit
AP-like response bias to the tritone paradox. This
implicit AP ability may be the cause of NAP musicians’
compensatory responses, using the same mechanisms as
the AP participants, but with a lower activation of the
symbolic representation and therefore a weaker compen-
satory response bias. In this interpretation (but not the
motor memory interpretation), the NAP participants’
compensatory response biases should be affected by the
response delay in the same manner as the AP partici-
pants’. We see this effect in the data, which suggests this
may be a better interpretation.

Despite this unexpected finding, our data neverthe-
less show that AP participants showed the compensa-
tory response to a larger extent than the NAP
participants. AP and NAP participants did not differ
in overall accuracy, rather the overall difference was in
the direction of their errors. Follow-up analyses indi-
cated that the extent of the compensatory response was
correlated with the strength of the participants’ AP
ability. The participants who were most accurate with
their AP judgments showed the strongest effect on
their imitations of mistuned responses. These are the
participants who responded most accurately, who were
also the ones with the fastest overall responses. It is
exactly this group, for whom AP is the most automatic,
who should show the biggest effect. We also found
a trend for this group to be affected the most by the
response delays, though this analysis did not reach
significance. Taken together, this provides evidence
that the compensatory responses are in fact due to
AP ability.

1 As pointed out by a reviewer, the perceptual-based model (1a) can be
adapted to also make this prediction of a change in the compensatory
effect across response delays. By assuming that the symbolic representation
itself can evolve over time (in this case, becoming more categorical, and less
directly related to the original tone), the new dynamic 1a model makes
essentially the same predictions with regards to the current data. Such
a model also predicts that, at no delay, the vocal-motor encoding would
be basically uninfluenced by the symbolic representation, as that has had
no time to develop. Essentially, this model uses a dynamic representation in
place of two pathways to account for the influence of time. While there is
other evidence that can dissociate these models (such as the spared pro-
duction abilities of a subset of amusics), the present experiment can only
differentiate between the static models presented in Figure 1.
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Interestingly, although delaying the imitative response
made a large difference in the compensatory responses,
as well as a small difference to overall error, it did not
seem to matter whether this delay was silent or filled
with white noise. Although other studies have found
that time delays (Estis et al., 2009) and noise (Estis
et al., 2011) can increase singing error, our findings
seem to run counter to this. We suspect that, for our
highly trained participants, white noise did not provide
enough of an interference to affect their responses. This
type of filler may have been too easy to ignore, especially
as it required no overt attention. It is possible that more
tonal filler material may have then increased both the
compensatory responses and the overall error. Longer
delays, as well, may contribute to this pattern, as we saw
no signs that participants were reaching some kind of
threshold after 10 s.

Our choice to use sung vocal tones as our stimuli to be
imitated likely had a modest effect on the overall shape
of our results. Prior work shows that people are more
accurate at imitating voices than non-voices (Goetze,
Cooper, & Brown, 1990; Hutchins & Peretz, 2012b;
Lévêque, Giovanni, & Schön, 2012; Watts & Hall,
2008). However, it has also been shown that AP posses-
sors are less accurate at judging vocal tones than non-
vocal tones (Vanzella & Schellenberg, 2010). This
means that our AP participants would have had more
activation from low-level perception directly to their
vocal-motor representations, and less activation from
their symbolic representations to their vocal-motor
representations, making this a fairly conservative test
of this compensatory response. We would suggest that
using instrumental tones (especially those from the
piano or the participants’ main instrument) would lead
to more automatic AP identification and less accurate
vocal responses, increasing the effect size.

The AP test results also help to reveal more about
the character of AP itself, and the ways in which AP
possessors vary. While a naı̈ve theory might suppose
a speed-accuracy tradeoff within AP, we found that
those who were more accurate in the AP test were also
faster, confirming that AP can vary in its automaticity
(Bermudez & Zatorre, 2009; Miyazaki, 1988). Many
researchers have speculated that AP exists along a con-
tinuum, and even non-AP possessors may have latent
AP abilities (Hsieh & Saberi, 2008; Levitin & Rogers,
2005; Miyazaki, 2004). Our results suggest that vocal
production may have the potential to reveal implicit
AP abilities where more standard pitch identifica-
tion tests do not. This same pattern, in which vocal

production tasks reveal implicit abilities, has been
shown in several other fields, such as amusia
research (Dalla Bella et al., 2009; Hutchins & Peretz,
2012a, 2013), repetition priming (Hutchins & Palmer,
2008), and pitch shifting (Hafke, 2008; Hutchins &
Peretz, 2013). We would suggest that a more targeted
test of self-identified NAP participants using vocal
production would be able to show a stronger effect
of implicit AP.

Conclusions

This experiment was designed to test the predictions
of the Linked Dual Representation model (Hutchins
& Moreno, 2013). Our results show that the vocal
productions of AP possessors are affected by their
ability to identify and categorize individual tones,
such that they show a compensatory response bias
– an effect not predicted by any other model of the
relationship between perception and production. We
also found evidence for a weaker version of this
same effect among non-AP possessors, which may
constitute evidence for a low-level implicit AP abil-
ity. Overall, this study provides an important piece of
evidence for understanding the functioning of the
vocal-motor system, as well as the overall relation-
ship between perception and production abilities. We
would suggest that comparing imitation and judg-
ment tasks in a normal population may also reveal
important information about this perception-production
relationship.
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